Introduction {#S1}
============

Polysaccharides perform multiple vital functions in life, as reflected in their great variety in chemical composition and physicochemical properties. Extracellular polysaccharides, such as cellulose, chitin and hyaluronan, primarily perform structural functions and are synthesized inside the cell from nucleotide-activated donor sugars. ^[@R1]--[@R3]^

Cellulose is the most abundant biological polymer and consists of glucose molecules that are connected between their C1 and C4 carbons via acetal linkages.^[@R4]^ It is predominantly generated by vascular plants and a large number of algae, but also by some bacteria,^[@R5],[@R6]^ protists^[@R7]^ and tunicates.^[@R8]^ Cellulose synthases (CESAs) are membrane-embedded glycosyltransferases, which utilize UDP-activated glucose (UDP-Glc) to processively elongate the nascent polysaccharide in a reaction that inverts the configuration at the anomeric carbon of the newly added sugar from α to β.^[@R6],[@R9],[@R10]^ Prokaryotic and eukaryotic CESAs share a similar predicted topology including eight transmembrane (TM) helices and at least one extended intracellular glycosyltransferase (GT) loop, [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}.

Bacteria, primarily Gram-negatives, produce and secrete cellulose via a protein complex consisting of at least three subunits (BcsA, -B and -C).^[@R11]^ The inner membrane protein BcsA is the catalytically active subunit and contains a conserved family two GT-domain between TM-helices 4 and 5 (TM4 and TM5).^[@R12]^ BcsB is a periplasmic protein that is anchored to the inner membrane via a single, C-terminal TM-helix. BcsA and BcsB are fused as a single polypeptide in some species, supporting the genetic observation that BcsB is essential for cellulose synthesis.^[@R13],[@R14]^ BcsC, required for cellulose synthesis *in vivo* but not *in vitro*,^[@R14]^ is predicted to form an 18-stranded β-barrel in the outer membrane. Some bacteria contain additional, non-essential, periplasmic subunits of unknown function.^[@R11],[@R15]^

While some bacteria constitutively produce cellulose,^[@R6]^ bacterial cellulose production is often concomitant with the formation of sessile, multi-cellular aggregates, termed biofilms.^[@R11],[@R16]^ Biofilm bacteria are encased in a network of polysaccharides and proteinaceous fibers and are of particular concern to human health due to an increased tolerance to antimicrobial treatments.^[@R17]^ Biofilm formation is stimulated by the bacterial secondary messenger cyclic-di-GMP (cd-GMP), which bacteria sense via PilZ domains.^[@R18]^ Accordingly, BcsA contains a PilZ domain within its C-terminal, intracellular domain and its activity is strongly stimulated by cd-GMP.^[@R19],[@R20]^

In all organisms, the cellulose polymer has to be exported across the plasma membrane. However, the mechanism by which a polymer consisting of thousands of glucose units can be translocated has been mysterious. In order to understand this process, we determined the crystal structure of the catalytically active BcsA-B complex in an intermediate state during cellulose synthesis and translocation at 3.25Å resolution ([Supplementary Table](#SD1){ref-type="supplementary-material"}).

Architecture of the BcsA-B Complex {#S2}
==================================

BcsA and BcsB form a 1:1 stoichiometric complex spanning approximately 150Å perpendicular and 55Å parallel to the membrane. The complex is divided into a cuboid-shaped membrane-spanning region sandwiched between large cytoplasmic and periplasmic domains, [Fig 1a](#F1){ref-type="fig"}. The BcsA-B interface is approximately 4500Å^[@R2]^ including a cluster of negative and positive charges on BcsA and BcsB, respectively ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

BcsA contains four N-terminal and four C-terminal TM-helices separated by a large intracellular loop (4/5-loop) that forms a GT-domain (aa 128 to 368), [Fig. 1a](#F1){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}. TM3-8 form a narrow channel for the translocating polysaccharide and BcsA's intracellular C-terminus (aa 575 to 759) contains a 6-stranded β-barrel and a highly curved α-helical region that attaches the β-barrel to the GT-domain, [Fig. 1a](#F1){ref-type="fig"}.

BcsB is a dome-shaped, β-strand rich, periplasmic protein. Its N-terminal region forms the tip of the dome, whereas the C-terminal TM-anchor interacts with BcsA, [Fig. 1a](#F1){ref-type="fig"}. Two amphipathic helices further stabilize its interaction with BcsA and the periplasmic water-membrane interface, [Fig. 1a](#F1){ref-type="fig"}.

Throughout model building, we noticed a continuous, strong positive difference Fourier electron density that could not be accounted for by BcsA or -B, [Fig 1b](#F1){ref-type="fig"}. The ribbon-shaped electron density extended from BcsA's GT-domain in a 45° angle toward the membrane, kinked near the putative water-lipid interface to run through the center of the TM-region, and bent sharply at the BcsA-B interface to emerge from the complex at approximately 145°, [Fig. 1b](#F1){ref-type="fig"}. Past the BcsA-B interface, the electron density extended into the bulk solvent. The characteristic shape of the electron density, its proximity to conserved residues throughout its path (see below), its origin at the glycosyltransferase catalytic site, and extension past the BcsA-B complex strongly suggest that it represents a translocating glucan likely synthesized during or prior to crystallization.

The catalytic activity of the purified, detergent-solubilized BcsA-B complex was confirmed by incubating it with UDP-Glc and cd-GMP. The synthesized polymer, that could be completely degraded by β-1,4-glucanase (data not shown), was sedimented, purified, and analyzed by glycosyl linkage analysis (performed by the Complex Carbohydrate Research Center, University of Georgia), confirming that 94% of it consists of 4-linked glucose, [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}.

Although most likely reflecting an average of different registers of the translocating glucan, the density discerns the overall position of eighteen glucose molecules, [Fig. 1b](#F1){ref-type="fig"} and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}. According to the prevailing model that cellulose synthase elongates the non-reducing end of the growing polymer,^[@R21],[@R22]^ the glucan was modeled with its non-reducing end (glucose-18) at the glycosyltransferase catalytic site. At the active site, we observed additional, weak electron density detached from the glucan. Based on its shape and coordination by residues that are predicted to be implicated in nucleotide binding and glycosyl transfer,^[@R23]^ it seemingly represents a weakly bound UDP molecule, [Fig. 1b](#F1){ref-type="fig"} and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}. Therefore, our structure likely represents a cellulose synthase-cellulose translocation intermediate captured after glycosyl transfer and before replacing UDP with UDP-Glc.

The Glycosyltransferase Domain {#S3}
==============================

BcsA's GT-domain contains the conserved signature "D,D,D,Q(Q/R)xRW" of three variably spaced aspartic acids and a pentapeptide consisting of a Gln that is often followed by a Gln or Arg, a variable residue and an Arg and Trp. This signature is shared with other processive β-glycosyltransferases, such as chitin and hyaluronan synthases.^[@R2],[@R24]^ The GT-domain adopts a glycosyltransferase A fold (GT-A)^[@R10]^ consisting of a mixed, 7-stranded β-sheet that is surrounded by seven α-helices and attaches to the TM-region via three amphipathic interface helices (IF1-3), [Fig. 1a](#F1){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}. IF1 is formed by residues belonging to the 4/5-loop (aa 298 to 312) and packs against the C-termini of BcsA's TM8 and -4 as well as the N-terminus of TM5. The second helix, IF2 (aa 373 to 395), directly precedes TM5 and includes the invariant "Q(Q/R)xRW" sequence of the signature. IF3, aa 470 to 498, follows TM6 and forms a crescent-shaped helix around the cytosolic entrance to the TM-channel (discussed below). It is connected to TM7 via a conserved loop (IF3/TM7-loop) that runs across the entrance to the GT substrate-binding site, [Fig. 2b](#F2){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}. The GT-domain protrudes from these IF-helices at approximately 45°, [Fig. 1a](#F1){ref-type="fig"}. The inverting glycosyltransferase SpsA from *Bacillus subtilis*^[@R23]^ superimposes with BcsA's GT-domain with 2.15Å root mean square deviation (r.m.s.d.) between C α atoms ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

The structure of the cellulose synthase reveals the function of the signature "D,D,D,Q(Q/R)xRW" as well as other highly conserved sequence motifs. Consistent with non-processive glycosyltransferases,^[@R23],[@R25],[@R26]^ the first two aspartic acids of the signature, Asp179 and Asp246, coordinate UDP, [Fig. 2a](#F2){ref-type="fig"}. The third "D" (Asp343), which is part of the invariant "TED" motif, likely represents the catalytic base due to its proximity to the non-reducing end of the glucan, [Fig. 2a](#F2){ref-type="fig"}.

The "Q(Q/R)xRW" part of the signature, together with an equally conserved "FFCGS" sequence, forms a binding site for the terminal disaccharide of the glucan, the acceptor, [Fig. 2a](#F2){ref-type="fig"}. The "Q(Q/R)xRW" sequence belonging to IF2 is a part of the cytoplasmic entry to the glucan channel, [Fig. 3](#F3){ref-type="fig"}. The first "Q", Gln379, hydrogen bonds to the guanidino group of the neighboring Arg380, which in turn forms a salt bridge to the invariant Glu297. Arg382, preceding the conserved Trp residue, most likely coordinates the diphosphate of UDP, however, the electron density for its side chain is weak, consistent with the apparent low occupancy of UDP. Trp383 forms van der Waals interactions with the penultimate glucose molecule at the acceptor site (glucose-17), and packs against the Gln379-Arg380 pair towards the distal site of the catalytic pocket, [Fig. 2a](#F2){ref-type="fig"}. The FFCGS pentapeptide (aa 316--320) interacts with the opposite side of the terminal disaccharide, primarily via the backbone carbonyls of Cys318 and Gly319 with glucose-18.

The dominant negative *thanatos* mutation (Pro578Ser) in *Arabidopsis thaliana* (At) CESA3^[@R27]^ maps to the invariant "QTPH" sequence in bacterial cellulose synthases, [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}. His276 of this motif is within hydrogen bond distance to glucose-17, [Fig. 2a](#F2){ref-type="fig"}, and is thus likely also involved in positioning the non-reducing end with respect to the catalytic base. The motif is part of an extended β-strand and Pro275 (equivalent to Pro578 in At-CESA3) induces a "kink" in the β-strand that positions the side chain of His276 towards the glucan, which might be disrupted when Pro is replaced by another amino acid.

A cavity next to the UDP-binding pocket might accommodate the glucose donor in the UDP-Glc bound state. This pocket is flanked on one side by Ala225 and Lys226 of the invariant "AKAGN" motif and, on the other side, by Glu342 (of the conserved "TED" motif) and His224, [Fig. 2a](#F2){ref-type="fig"} and [Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}.

Activation by cyclic-di-GMP {#S4}
===========================

BcsA's activity is stimulated by cd-GMP.^[@R20]^ The cd-GMP-responsive PilZ-domain is localized within BcsA's C-terminus^[@R18]^, right next to the GT-domain, [Fig. 2b](#F2){ref-type="fig"}. BcsA's C-terminus extends from the last TM-helix (TM8) via a short β-strand, which forms a 2-stranded β-sheet with the IF3/TM7-loop, before it folds into a 6-stranded β-barrel (aa 585--675). The β-barrel points away from the GT-domain at approximately 90°. Past the β-barrel, the polypeptide chain continues in an α-helical conformation on the surface of the GT-domain toward the water-lipid interface. At the interface, it forms an amphipathic helix that interacts with TM6, IF3 and TM8, [Fig. 1a](#F1){ref-type="fig"}, before it curves away from the membrane towards the GT-domain and breaks at Glu743. After Glu743, the polypeptide continues in an extended conformation towards the β-barrel, past the substrate-binding pocket.

BcsA's β-barrel aligns with an r.m.s.d. of 2.2Å between Cα atoms with the cd-GMP binding protein VCA0042^[@R28]^ ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). The conserved residues Arg584, Asp609, Ser611 and Gly614 on the β-barrel surface as well as Gln578 and Arg579 of the TM8-β-barrel linker are likely implicated in cd-GMP binding^[@R28]^ ([Fig. 2b](#F2){ref-type="fig"} and [Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). We hypothesize that cd-GMP binding to BcsA induces conformational changes that allow UDP-Glc to access the catalytic site. A likely candidate for displacement is the IF3/TM7-loop that runs across the entrance to the catalytic pocket and interacts with the TM8-β-barrel linker, [Fig. 2b](#F2){ref-type="fig"} and [Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}. Notably, replacing Thr942 with Ile in At-CESA3 confers resistance to the herbicide isoxaben.^[@R29]^ The corresponding, equally conserved residue in our structure is Thr506 in the IF3/TM7-loop ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), supporting the hypothesis that this loop is involved in regulating BcsA's activity.

The Transmembrane Region and Polysaccharide Channel {#S5}
===================================================

The transmembrane region of the cellulose synthase includes eight TM-helices from BcsA (TM1-8) and one from BcsB, [Fig. 3a](#F3){ref-type="fig"}. The TMs are framed by three cytoplasmic- and two periplasmic interface helices (IF) formed by BcsA and BcsB, respectively. In addition, the N-terminal four turns of TM5 also run parallel to the membrane before the helix bends towards the hydrocarbon core at Pro420, [Fig. 3a](#F3){ref-type="fig"}. All TM-helices, except TM6 and -7 and BcsB's TM-helix, tilt with respect to the membrane normal and surround a narrow channel approximately 8Å wide and 33Å long. Because the TM-helices are organized in pairs in one direction (helices 1/2, 3/6, 4/8, and 5/7 of BcsA), their overall arrangement resembles an elongated cuboid, and BcsB's TM-anchor packs against one side of the cuboid, [Fig. 3a](#F3){ref-type="fig"}. On the membrane periplasmic side, BcsB forms two amphipathic helices (IF4 and IF5) at the water-lipid interface. IF4 (aa 569 to 592) interacts with the periplasmic termini of BcsA's TM2, -6 and -8 and IF5 (aa 679--693) directly precedes BcsB's membrane anchor (aa 695--720) and contacts BcsA's TM1 and the 1/2--loop, [Fig. 3a](#F3){ref-type="fig"}.

The channel formed by BcsA's TM3-8 accommodates 10 glucose units of the translocating glucan, [Fig. 3](#F3){ref-type="fig"}. The glucan enters the channel through the cytoplasmic opening formed by IF1-3 and the N-terminal half of TM5, crosses the membrane parallel to TM5 and -6, and exits on the periplasmic side between BcsA's 5/6- and 7/8-loops at the BcsA-B interface. Here, the glucan kinks to protrude from the complex sideways, [Fig. 3b](#F3){ref-type="fig"}. TM6 and -8 are separated by about 9Å and 15Å (between Cα atoms) at the periplasmic and cytoplasmic sides of the membrane, respectively, and only the tips of their side chains maintain the barrier towards the lipids, [Fig 3a](#F3){ref-type="fig"}. In the absence of a translocating glucan, TM-helices 7 and 8 might move towards the N-terminal TMs to close the channel.

All TM-helices of BcsA, with the exception of TM1 and -2, directly contact the glucan. The faces of the glucopyranose rings form van der Waals interactions with residues Met300 and Phe301 of IF1, Phe316 directly proceeding IF1, Trp383 of IF2, Phe419, Phe426, and Tyr433 of TM5, Phe441 in the 5/6-loop, and Val551, Val555, and Trp558 of TM8, [Fig. 3b](#F3){ref-type="fig"}. The equatorial hydroxyl groups of the glucose units form hydrophilic contacts with Tyr80 of TM3, Asn118 of TM4, His276 of the GT-domain, Asn412 and Arg423 of TM5, Glu439 in the TM5/6 loop, Tyr455 of TM6, and Ser476 and Glu477 of IF3. We note that the quinoxyphen resistance mutation Ala903Val in At-CESA1^[@R30]^ aligns with Tyr455 in TM6, which hydrogen bonds to the translocating glucan, [Fig. 3b](#F3){ref-type="fig"} and [Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}. Therefore, although the sequence alignment in this region is weak, it is likely that quinoxyphen affects the translocation rather than the synthesis of the glucan.

The Periplasmic Domain {#S6}
======================

BcsB protrudes approximately 60Å into the periplasm with its N-terminal half, aa 54 to 307, forming the membrane distal part. BcsB consists primarily of β-strands that are organized into distinct domains, including two jellyroll and two flavodoxin-like folds, [Fig. 4](#F4){ref-type="fig"}. The jellyrolls, aa 54--185 and 316--452, exhibit a striking structural similarity with carbohydrate binding modules (CBM, [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"})^[@R31]^ and are termed carbohydrate-binding domain (CBD) -1 and -2. Both CBDs contain eight antiparallel β-strands separated by loops 2--16 residues in length and adopt a similar fold, such that their Cα atoms superimpose with an r.m.s.d. of 2.5Å, [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}. The CBDs are positioned at a 45° angle relative to one another and interact via two extended loops, including a disulfide bond between the conserved Cys163 and Cys430, [Fig 4a](#F4){ref-type="fig"}.

CBD-2 runs parallel to the plane of the membrane above the periplasmic exit of the TM-channel. It interacts with BcsA's TM2 and -3, as well as with its 5/6-loop, thereby accounting for almost 30% of the complex interface. While BcsB exhibits significant sequence variability, we noticed a cluster of conserved residues including His159, Arg160, Ile161, Leu171 and Trp172 at the tip of CBD-1, close to its disulfide bond with CBD-2 and above the periplasmic exit of the glucan channel, [Fig. 4b](#F4){ref-type="fig"}. A comparison of CBD-1 with the bacterial CBM family 35 (CBM35) in complex with a glucuronic acid disaccharide^[@R31]^ localizes disaccharide binding to the cluster of conserved residues in CBD-1, [Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}, suggesting that this region interacts with the translocating glucan.

Both CBDs are linked to compact α/β-domains containing a central β-sheet five and six strands wide that is framed on either side by two α-helices, [Fig. 4a](#F4){ref-type="fig"}. Although probably lacking functional similarity, both domains resemble a flavodoxin-fold^[@R32]^ ([Supplementary Fig. 10](#SD1){ref-type="supplementary-material"}) and are thus referred to as FD1 (aa 192--303) and FD2 (aa 457--529 together with 598--666). The repeating structural motif of BcsB therefore contains a CBD linked to a FD-domain.

Implications for Cellulose Synthesis and Translocation {#S7}
======================================================

The structure of the cellulose synthase-cellulose translocation intermediate provides unique insights into the mechanism of cellulose synthesis and translocation. Based on the large distance between the glycosyltransferase site and the putative water-membrane interface (approximately 25Å, [Fig. 1](#F1){ref-type="fig"}) as well as BcsA's activity in detergent, a reaction mechanism involving lipid-linked intermediates seems unlikely.^[@R5]^ The spatial restrictions in the substrate-binding pocket further suggest that the nascent glucan is extended by one^[@R33]^ and not by two^[@R34]^ glucose molecules at a time.

The distinct features of the glucan electron density ([Fig. 1b](#F1){ref-type="fig"}) further imply that the polymer translocates one glucose molecule at a time. The dimensions of the TM-channel require that the glucopyranose rings have to be within the same plane in order to slide into the pore, [Fig. 3b](#F3){ref-type="fig"}. Thus, we speculate that following glycosyl transfer the newly attached terminal glucose molecule will rotate around the acetal linkage^[@R35],[@R36]^ to align with the glucan in the channel, [Fig. 5](#F5){ref-type="fig"}. Steric interactions might dictate the rotation direction, leading to the β-1,4 glucan characteristic 180° rotation between individual glucose units and intramolecular hydrogen bonding between ring oxygens and 3' hydroxyl groups of neighboring units.^[@R4],[@R37]^ This relaxation might be sufficient to allow the polymer to slide into the channel, [Fig. 5](#F5){ref-type="fig"}. Alternatively, the extended glucan might not translocate until UDP is replaced with UDP-Glc, necessitating translocation due to spatial restrictions at the active site. Past the channel, the induced kink of the glucan chain at the BcsA-B interface, the interaction with BcsB's CBDs, or the aggregation with other glucans might further contribute to a unidirectional movement of the polymer.

Cellulose, chitin and hyaluronan are likely synthesized by a conserved mechanism involving a membrane-embedded glycosyltransferase that couples polymer synthesis with its translocation across the cell membrane.^[@R3]^ This unique mechanism stands in contrast to the translocation of most other biological polymers where "polymer synthases" function independently of or alongside dedicated translocation machineries.^[@R38]--[@R41]^ Our structure now provides a basis for unraveling the details of this process.

Methods Summary {#S8}
===============

The BcsA and BcsB subunits of the *Rhodobacter sphaeroides* cellulose synthase complex were co-expressed and purified by metal affinity and gel filtration chromatography as described in detail in the Methods section. The BcsA-B complex was crystallized and the structure was determined after single anomalous dispersion phasing of a data set obtained from samarium(III)-chloride-soaked crystal. Additional experimental phases were obtained from selenomethionine-derivatized BcsA-B crystals. The quality of the electron density differed between peripheral and transmembrane regions of the complex. Therefore, modeling of the N-terminal region of BcsB, amino acids 54--177 and 586 to 675 of BcsA relied on the position of bulky side chains, Se-Met positions and backbone electron density. The model was built in Coot^[@R42]^ and includes all residues with the exception of the terminal residues 1--12 and 760--788 of BcsA and 19--53 and 721--725 of BcsB. In addition, a short loop of BcsB consisting of residues 532--543 was not visible in the electron density map.

Methods {#S9}
=======

Expression and Purification of BcsA-B {#S10}
-------------------------------------

The BcsA gene was PCR amplified from *Rhodobacter sphaeroides* 2.4.1. genomic DNA (ATCC) and cloned using NcoI and HindIII restriction sites into an engineered pETDuet expression vector (Novagen) conferring a C-terminal dodeca-histidine tag. The BcsB gene was PCR amplified without its native, N-terminal signal sequence. The gene coding for amino acids 21 to 725 of BcsB was cloned into the pETDuet vector containing the BcsA gene, together with an N-terminal PelB signal sequence using NdeI and KpnI restriction sites. After signal sequence cleavage, this generates an additional Met-Gly dipeptide at the N-terminus of BcsB. Electro-competent Rosetta 2 cells were transformed with the pETDuetBcsA-12His-BcsB construct and plated on agar plates supplemented with 100µg/ml ampicillin and 25µg/ml chloramphenicol and grown overnight at 37°. The transformed cells were resuspended and used to inoculate 36L of ZYP-5052 auto-induction medium.^[@R43]^ The cells were grown shaking at 37°C for at least 4 hours after the optical density at 600nm reached 0.8. Subsequently, the cells were harvested by centrifugation, resuspended in RB1-buffer containing 20mM sodium phosphate buffer pH 7.2, 0.1M NaCl and 5mM cellobiose and then lysed in a microfluidizer. The crude membranes were harvested by centrifugation for 60min at 120,000xg in a Beckman Ti45 rotor and solubilized for 60min at 4°C in RB2-buffer containing 20mM sodium phosphate buffer pH 7.2, 0.3M NaCl, 5mM cellobiose, 5mM MgCl~2~, 40mM imidazole, 10% glycerol and 2% Triton X-100. The insoluble material was cleared by centrifugation for 30min at 120,000xg in a Beckman Ti45 rotor and the membrane extract was batch incubated with 10mL Ni-NTA agarose (Qiagen) for 45min at 4°C. The resin was packed in a gravity flow chromatography column, washed with 75mL WB1-buffer (RB2-buffer containing a total of 60mM imidazole and 5mM lauryldimethylamine-N-oxide, LDAO), 25mL WB2-buffer (RB2-buffer containing a total of 1M NaCl and 5mM LDAO) and the BcsA-B complex was eluted in 50mL EB-buffer containing 20mM Tris HCl pH 7.5, 0.1M NaCl, 5mM cellobiose, 5mM MgCl~2~, 250mM imidazole, 10% glycerol and 5mM LDAO. The eluted protein was concentrated and purified over an analytical S200 gel filtration column (GE Healthcare) equilibrated in EB-buffer containing 20mM MES pH 6.5 instead of Tris HCl and lacking MgCl~2~ and imidazole (GF-buffer). The eluted BcsA-B was concentrated to 50µM final concentration (using an extinction coefficient at 280nm of 161,925M^−1^ cm^−1^) in a 100kDa cut-off centrifugal filter (Millipore) and supplemented with 10mM ethylenediaminetetraacetic acid (EDTA) and 1mM uridine diphosphate-glucose (UDP-Glc) prior to crystallization.

Selenomethionine derivatized BcsA-B was prepared as described above with the exception that the cells were grown in the auto-inducing PASM-5052 minimal medium supplemented with 125µg/ml selenomethionine (Se-Met).^[@R43]^

The BcsA-B complex was crystallized in 30% PEG200, 0.1M MES pH 6.5 and 50mM NaCl at 4°C. Initial crystals were observed after approximately 7 days and reached their final size of about 50 by 50 by 100 microns within three weeks. The crystals were harvested and directly cryo-cooled in liquid nitrogen. Wild-type crystals were soaked with 20mM samarium(III)-chloride (Sm) or 1mM sodium ethylmercuric-thiosalicylate (EMTS) for 2 to 24 hours before harvesting.

Structure determination {#S11}
-----------------------

X-ray diffraction data were collected at the Argonne National Laboratory beamlines SER- as well as GM/CA-CAT. The data was indexed and integrated in Mosflm^[@R44]^, analyzed in Pointless and scaled and reduced in space group P4~3~2~1~2 in Scala from the CCP4 suite of programs.^[@R45]^ The Sm--derivatized crystals diffracted to 5Å resolution and were used for single wavelength anomalous dispersion (SAD) phasing in Shelx.^[@R46]^ The initial phases allowed localizing all transmembrane helices of BcsA and were further used to calculate an anomalous difference Fourier electron density map for the data set obtained from Se-Met derivatized BcsA-B. Initially, 10 Se-Met positions were identified and refined in Mlphare.^[@R45]^ The phases were combined with the native data set followed by density modification with phase extension to 3.25Å in DM^[@R47]^ using a user-generated solvent mask. Throughout the model building process, Se-Met anomalous difference Fourier electron density maps were calculated, additional Se-Met positions were refined as described above and new phases were calculated and improved by density modification in Parrot.^[@R47]^ The final experimental phases were calculated from thirty-six Se-Met-, four EMTS- and eight Sm positions and allowed tracing of most of the backbone of BcsA and the membrane proximal regions of BcsB. The model was built in Coot^[@R42]^ via an iterative process involving careful model building, combining of experimental and model phases, density modification and restraint refinement in Refmac-5^[@R45]^ (including TLS parameters^[@R48]^ for the final model). The model includes a β-1,4 linked glucan containing eighteen glucose molecules and a UDP molecule, as well as two partially ordered LDAO molecules. The UDP molecule was refined with 50% occupancy due to weak electron density. The refined model has 91.8 % of its residues in the favored region of the Ramachandran diagram and includes 1.1% outliers, as determined by MolProbity. All figures were prepared in Pymol^[@R49]^ and the sequence conservation score for BcsB was calculated using CONSURF^[@R50]^.

In vitro Cellulose Synthesis {#S12}
----------------------------

100µL of BcsA-B in GF-buffer was incubated with 5mM UDP-Glc, 20mM MgCl~2~ and 30µM cyclic-di-GMP at 37°C for 90min. The polymerization reaction was terminated with 40mM EDTA and the sample was centrifuged at 14,000xg at RT for 20min. The supernatant was discarded and the pellet was washed twice in 500µL deionized water, dried and subjected to linkage analysis by the Complex Carbohydrate Research Center, University of Georgia.
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![Architecture of the BcsA-B complex\
**a**, BcsA and BcsB form an elongated complex with large cytosolic and periplasmic domains. BcsA's TM-helices are colored green, the glycosyltransferase (GT) domain sand and the C-terminal domain red. BcsB is shown in light and dark blue for its periplasmic and membrane associated regions, respectively. The N- and C-termini of both subunits are indicated and the translocating glucan and UDP are shown as cyan and violet spheres. Horizontal bars indicate the membrane boundaries. IF: Amphipathic interface helices of BcsA. **b**, Unbiased FoFc-difference Fourier electron density (pink mesh, contoured at 4.5σ) calculated before modeling the glucan and UDP molecules. The continuous density runs from the intracellular catalytic site to the periplasmic BcsA-B interface and accommodates 18 glucose molecules (cyan sticks). The UDP density was contoured at 3σ (right panel).](nihms418910f1){#F1}

![Organization of BcsA's catalytic site and PilZ domain\
**a**, Conserved residues of BcsA coordinate UDP and the terminal disaccharide of the glucan. Side chains represented in sticks belong to the sequence motifs shown in single letter code. Conserved residues are highlighted in bold and the depicted residues are underlined. All side chains shown could be positioned unambiguously in the electron density map. No density was observed for the side chains of Lys226 and Arg382 (shown as spheres for their Cα atoms). The likely position of the donor Glc is indicated by a dashed ellipsoid. **b**, Surface representation of BcsA with its C-terminal domain shown as cartoon in red. The linker connecting TM8 with the β-barrel forms a 2-stranded β-sheet (shown in cyan) with the IF3/TM7-loop. TM7 is colored dark gray and IF3 orange. The Cα atoms of residues likely involved in cd-GMP binding are shown as spheres and are labeled. The horizontal bar indicates the cytoplasmic membrane boundary.](nihms418910f2){#F2}

![The membrane-integrated domain of BcsA-B\
**a**, The TM-region includes nine TM-helices and three cytoplasmic and two periplasmic interface helices (IF1-5). BcsA and BcsB are shown as green and blue ribbons. TM- and IF-helices are shown as cartoons and colored in shades of green and orange for BcsA's TM1-8 and IF1-3, respectively, and shades of blue for BcsB's IF4 and -5 and its C-terminal TM-anchor. TM3-8 of BcsA form a narrow channel. Its cytoplasmic entrance is formed by IF1-3 as well as the N-terminal half of TM5 and its periplasmic exit is between the periplasmic 5/6- and 7/8-loops of BcsA. Trp383 of the "Q(Q/R)xRW" motif is shown in sticks. **b**, Conserved residues of BcsA interact with the translocating glucan. BcsA and BcsB are shown as ribbons and side chains of BcsA contacting the glucan (cyan surface) are shown as sticks. Residues of BcsB contacting the polymer are not conserved and not shown.](nihms418910f3){#F3}

![Organization of the periplasmic domain\
**a**, The periplasmic region of the cellulose synthase is primarily formed by BcsB. It consists of two periplasmic carbohydrate binding domains (CBD-1 and -2) that are connected to two α/β-domains (FD1 and FD2). The CBDs are covalently attached via a disulfide bond between the conserved Cys163 and Cys430 (yellow spheres). BcsB's TM-anchor and IF-helices 4 and 5 are colored in dark blue. The N- and C-termini of BcsB are indicated. **b**, Surface representation of BcsB colored according to sequence conservation from red (variable) to deep blue (invariant). The tips of CBD-1 and CBD-2 form a patch of conserved, primarily hydrophobic residues above the periplasmic exit of the TM-channel. BcsA is shown as a grey surface and the glucan as purple spheres.](nihms418910f4){#F4}

![Proposed model for cellulose synthesis and translocation\
Following glycosyl transfer, the newly added Glc could rotate around the acetal linkage into the plane of the polymer. The rotation direction would be determined by steric interactions and formation of the β-1,4 glucan characteristic intramolecular O3-H••O5 hydrogen bond. The glucan might translocate into the channel during this relaxation. This process would be repeated with a second UDP-Glc but the rotation direction after glycosyl transfer would be in the opposite direction due to steric constraints. Alternatively, the glucan might not translocate into the channel until UDP is replaced by UDP-Glc. Trp383 and Cys318 mark the entrance to the TM-channel (only shown in the right panel).](nihms418910f5){#F5}
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